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Abstract Reactive oxygen species (ROS), including hydro-
genperoxide(H2O2), are constantly generated as by-products
of normal metabolic cellular pathways and can be over-
produced in response to stress. In this study, we investigated
ROS production and localization of H2O2 after salt (200 mM
KCl) and osmotic (iso-osmotic sorbitol concentration) stress
in the unicellular green alga Micrasterias. By means of the
dye H2DCFDA and confocal laser scanning microscopy,
most ROS production could be detected in KCl-treated cells
when compared to sorbitol-exposed cells and controls. For
ultrastructural detection of H2O2, CeCl3, which reacts with
H2O2 and produces cerium perhydroxide deposits, has been
used. Cerium was identified by transmission electron micros-
copy (TEM)-coupled electron energy loss spectroscopy
(EELS) in organelles of KCl- and sorbitol-treated cells and
in controls. Statistical measurements of the presence of the
cerium M4,5 edge were performed in mitochondria, chloro-
plasts, cell walls, and cytoplasmic sites of five individual
cells after each treatment. The most pronounced increase in
H2O2 production was found in chloroplasts of KCl- and
sorbitol-treated cells. This shows that the chloroplast reveals
the strongest response in H2O2 production after stress
induction in Micrasterias. Significant elevation of H2O2
production also occurred in mitochondria and cytoplasm,
whereas H2O2 levels remained unchanged or even slightly
decreased in cell walls of treated cells. Additionally, TEM
micrographs and EELS analyses provided indirect evidence
for an increased H2O2 production at the plasma membrane of
KCl-treated cells, indicating an involvement of the plasma
membrane NADPH oxidase in H2O2 generation.
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Introduction
In aerobic organisms, reactive oxygen species (ROS) are
part of the normal cellular metabolism (Pinto et al. 2003)
and are produced in higher amounts as by-products of some
metabolic pathways such as electron flows in mitochondria
and chloroplasts (de Pinto et al. 2006; Tipathi et al. 2009).
However, under unfavorable conditions, an early reaction is
an enhanced production of ROS such as H2O2 (Doke et al.
1996). ROS have a dual function in plant cells. At higher
concentrations, they damage the cells; but at moderate levels,
they help the cells to adapt to various forms of stress by
induction of an antioxidant response (Apel and Hirt 2004;
Mazel et al. 2004; de Pinto et al. 2006;B o k ae ta l .2007;
Chen et al. 2009). Although ROS are key players in signal
pathways of cell death in animals, their precise role in plant
cell death is still not clear. Numerous studies show that
experimental exposure of plant cells to different concen-
trations of H2O2 may induce different cell death pathways
from apoptotic-like cell death to necrosis (e.g., Houot et al.
2001; Gechev and Hille 2005;G e c h e ve ta l .2006;d eP i n t o
et al. 2006). For example, Houot et al. (2001)o b s e r v e d
various features of programmed cell death (PCD) in tobacco
BY-2 cells depending on the amount of H2O2 added to the
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low levels does not induce cell death in tobacco cells
(de Pinto et al. 2006) and may even increase cellular
resistance in yeast (Costa and Moradas-Ferreira 2001).
The green alga Micrasterias, which has been used as cell
biological model organism in numerous investigations,
undergoes PCD upon treatment with H2O2 (Darehshouri
et al. 2008). This is expressed in ultrastructural hallmarks
such as slight chromatin condensation, deformation and
disintegration of mitochondria, dilatation of cisternal rims
of dictyosomes, as well as an increase in multivesicular
bodies and in the number of endoplasmic reticulum (ER)
compartments. Additionally, the activity of caspase-3 like
enzymes is elevated, whereas photosynthetic activity drops
down slightly.
Salt stress by increased osmolarity of the nutrient
solution also causes marked ultrastructural alterations in
Micrasterias and, at higher concentrations, inhibits or
totally arrests cell division (Meindl et al. 1989). Induction
of salt stress in Micrasterias by KCl leads to pronounced
changes in organelle morphology and to formation of
autophagosomes after long-term exposure (Affenzeller et
al. 2009a, b). Both salt (KCl and NaCl) and osmotic (iso-
osmotic sorbitol concentration) stress increase ROS pro-
duction in Micrasterias cells and long-term salt stress
evokes autophagic PCD (Affenzeller et al. 2009a, b).
The different biological responses which may be induced
by ROS depend on several factors including the type of
ROS, timing and intensity of the signal, and production
sites (Gechev and Hille 2005; Paradiso et al. 2005; Gechev
et al. 2006). This makes it particularly interesting to study
subcellular localization of H2O2 at an ultrastructural level
and to compare frequencies of H2O2 production at different
organelles during stress response.
A successful, well-known technique for localization of
H2O2 is a cytochemical method using cerium chloride
(CeCl3). CeCl3 penetrates biological membranes both in plant
and animal cells, reacts with H2O2, and produces insoluble
cerium perhydroxide electron-dense deposits which can be
visualized by conventional transmission electron microscopy
(TEM; e.g., Bestwick et al. 1997; Pellinen et al. 1999;
Waetzig et al. 1999; Blokhina et al. 2001;K ö h l e re ta l .2001;
Shinogi et al. 2002; Olmos et al. 2003; Musetti et al. 2005;
Melillo et al. 2006; Boka et al. 2007;Z h a n ge ta l .2008;W ue t
al. 2009). Despite the fact that several studies have used the
presence of precipitates as indicator for H2O2 production, only
two investigations have so far unambiguously verified the
presence of cerium by TEM-coupled electron energy loss
spectroscopy (EELS; Köhler et al. 2001;B o k ae ta l .2007).
Energy-filtering TEM represents a powerful tool for subcel-
lular localization of elements and determination of bond states
(Lütz-Meindl 2007) and has already been successfully
employed in Micrasterias (Eder and Lütz-Meindl 2008)a n d
other algae (Lütz-Meindl and Lütz 2006;E d e ra n dL ü t z -
Meindl 2009).
In the present study, we investigate putative differences
in ROS and H2O2 production after salt and osmotic stress.
H2O2 localization is compared between different cell
compartments and cytoplasmic sites in the green alga
Micrasterias by statistical measurements of the cerium
M4,5 edge via EELS and by identification of cerium
peroxide precipitates at an ultrastructural level.
Material and methods
Materials
All chemicals were purchased from Sigma-Aldrich (Vienna,
Austria)orRoth(Karlsruhe,Germany),unlessstateddifferently.
Cultivation and treatment
M. denticulata cells were grown in liquid Desmidiaceaen
nutrient solution in Erlenmeyer flasks (Schlösser 1982) and
kept at a constant temperature of 20°C and a 14:10-h light–
dark regime. The cultures were subcultured every 4 to
5 weeks. Under these conditions, Micrasterias cells divide
every 3 to 4 days by mitosis (for details, see Meindl et al.
1989). Cells of a defined stage (48 h after mitosis) were
treated with 200 mM KCl or 339 mM sorbitol (iso-osmotic
to KCl, measured) for 15 min (for details, see Affenzeller
et al. 2009a).
ROS production
Control and treated cells were stained with 100 mM 2′,7′-
dichlorofluorescein diacetate (H2DCFDA; Invitrogen,
Eugene, USA) for 45 min at room temperature. Cells were
observed in a Zeiss Axiovert 100M equipped with a confocal
laser scanner (LSM 510, Zeiss, Oberkochen, Germany).
Samples were excited at 488 nm with an argon laser and
viewed using a 505- to 550-nm band-pass filter. Zeiss LSM
510 software was used for image analysis. Each experiment
was done with 50 cells and repeated three times.
Measurement of H2O2 production by CeCl3 localization
via EELS
For localization of H2O2, based on the generation of cerium
perhydroxide, controls and treated cells were incubated in
freshly prepared 5 mM CeCl3 (Alfa Aesar, Emmerich,
Germany) in 50 mM 3-(N-morpholino)-propane sulfonic
acid (Mops) at pH 7.2 for 30 min at room temperature
(Bestwick et al. 1997). Cells were fixed by high-pressure
freeze fixation and subsequent cryosubstitution as described
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2005) and were embedded in Agar low viscosity resin
(LV Resin, VH1 and VH2 Hardener, and LV Accelerator;
Agar Scientific, Essex, Great Britain). Fixation was done
at least twice with different samples. Ultrathin sections
(approx. 50 nm) were mounted on uncoated hexagonal
narrow mesh copper grids for TEM analysis. Electron micro-
graphswerecapturedinaLEO912TEM (Zeiss,Oberkochen,
Germany), operated with a LaB6 cathode and equipped with
an in-column energy filter. Acceleration voltage of 80 kV
was used for conventional imaging and 120 kV for EELS
studies. For EELS measurements, illumination angles of
1 mrad, magnifications of 25.000 and exposure times of 5 s
were used. Seven integration cycles were acquired for one
measurement. The measuring area for EELS was defined by
using a 100-µm spectrometer entrance aperture. The charac-
teristic electron energy loss for the element cerium is 883 eV
for the M5 shell and 905 eV for the M4 shell, resulting in a
double peak. Mitochondria, chloroplasts, cell wall, and
cytoplasmic sites of five individual cells were measured for
each treatment. For statistical analysis, cerium was measured
in ten samples of each organelle in each cell. H2O2 presence
was also measured in some peroxisomes. TEM micrographs
and EELS analysis were acquired by using a slow-scan dual-
speed CCD camera TRS Sharpeye (Troendle, Moorenwies,
Germany) controlled by the ITEM Software (Olympus-SIS,
Soft Image System, Münster, Germany).
Statistics
The SigmaPlot software was used for statistical analyses
and evaluation of standard errors (SE). The significance of
measurements was determined by paired Student’s t test.
P value <0.05 was considered to be statistically significant.
Results
Production of ROS
To determine how many cells reveal ROS production after
15 min treatment with KCl or sorbitol, samples from
control and treated cells were suspended in a cell permeable
nonfluorescent H2DCFDA dye. Intracellular esterases re-
move the acetate groups of this dye and subsequent
oxidation changes it into a green fluorescent compound,
which can be observed by confocal laser scanning
microscopy. After 15 min treatment, a statistically signifi-
cant increase of ROS production could be detected in
200 mM KCl-treated cells (about 66% of the cells) in
comparison to controls (0%; Fig. 1). Increase in ROS
production in the cells exposed to iso-osmotic sorbitol
concentration was not significant (56% of the cells; Fig. 1).
Subcellular localization of H2O2
Cerium chloride was used successfully in Micrasterias
cells to detect H2O2 accumulation after stress induction.
Precipitates of cerium perhydroxide at the plasma mem-
brane of KCl-treated cells along the cell wall were clearly
visible, but could not be observed in controls (Fig. 2a, b)o r
sorbitol-treated cells (data not shown). EELS measure-
ments proved that the precipitates contained cerium. EEL
spectra of this region have the characteristic double peak of
the cerium M4,5 edge (Fig. 2d), whereas control measure-
ments at the cell wall did not reveal any cerium signal
(Fig. 2c).
Statistical EELS analyses were carried out in mitochondria,
chloroplasts, cell walls, and at different cytoplasmic sites of
controls and treated cells (Fig. 3 b ,d ,e ,g ,h ). Cerium was
identified at all measurement areas. However, the frequency of
cerium presence was generally highest in KCl-treated cells,
followed by sorbitol exposed cells and controls (Fig. 4).
Chloroplasts of KCl-treated cells revealed a statistically
significant increase in the frequency of cerium presence with
an averaged factor of 2.1 when compared to controls.
Additionally, the frequency of cerium measurements was also
elevated in the cytoplasm (averaged factor 1.7) and in
mitochondria (averaged factor 1.6) after KCl exposure. In
sorbitol-treated cells, the increase in cerium measurements was
also highest in chloroplasts (averaged factor 1.8) but only
Fig. 1 ROS production measured by H2DCFDA fluorescence in
control Micrasterias cells and after 15 min treatment with 339 mM
sorbitol (iso-osmotic to KCl) and 200 mM KCl in confocal laser
scanning microscopy. Data are means of three independent experi-
ments + SE. *P<0.05
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KCl-treated cells, the frequency of cerium measurements was
about the same as in controls but decreased with an averaged
factor of 0.6 after sorbitol treatment. In summary, these results
indicate that KCl induces the highest augmentation in H2O2
production in chloroplasts followed by the cytoplasm and by
mitochondria. In chloroplasts of sorbitol-exposed cells, the
increase in H2O2 production was also high. Mitochondria
revealed only slightly elevated values and the amount of H2O2
production in the cytoplasm after sorbitol treatment was about
the same as in controls. As expected, EELS studies also
indicated the presence of cerium in peroxisomes in controls, as
well as in KCl- and sorbitol-treated cells. The most intensive
EEL spectra (highest amounts) were found in electron-dense
precipitates at the plasma membrane of KCl-treated cells
when compared to EEL spectra acquired at other organelles
(Figs. 3d, e, g, h) where precipitates were not detected.
TEM micrographs did not reveal any ultrastructural
changes in organelles of treated cells compared to controls
(Fig. 3a, c, f) nor did the pretreatment with cerium affect
the ultrastructural appearance. As shown in a previous
study (Affenzeller et al. 2009a), long-term treatment with
KCl causes ultrastructural changes in mitochondria, Golgi,
and ER, as well as formation of autophagosomes.
Discussion
In the present study, we investigated ROS production and
putative differences in H2O2 localization after 15 min
treatment of Micrasterias cells with KCl or sorbitol in
comparison to controls. As published recently (Affenzeller
et al. 2009a, b), KCl shows pronounced effects on viability,
photosynthetic efficiency, DNA degradation, and ultrastruc-
ture of Micrasterias cells and, consequently, induces
autophagic PCD in these cells. The present study shows a
significantly higher percentage of ROS production in KCl-
treated cells than in sorbitol-treated cells by labeling with
H2DCFDA in confocal laser scanning microscopy. ROS
such as H2O2,O 2
−, and OH
− are important signaling
intermediates which regulate stress response in plants (Love
et al. 2008). Among them, H2O2 receives the most attention
because of its diverse role in cell growth, development, aging,
and defense responses (Slesak et al. 2007). Although the
actual role of H2O2 in organisms is still not completely
clarified, its cellular function could depend on the particular
organelle where it is produced (Gechev and Hille 2005;
Gechev et al. 2006). Multiple production sites of H2O2 in
plant and animal cells have been suggested in several studies
(e.g., Pellinen et al. 1999;K ö h l e re ta l .2001). ROS, including
Fig. 2 TEM micrographs
showing ultrastructure of
Micrasterias cells pretreated
with CeCl3 for H2O2 localiza-
tion: a control, b KCl-treated
cell, cerium perhydroxide
deposits at the plasma
membrane (arrows). EEL
spectra of the Ce M4,5 edge from
the circled region in a and b: c
control cell, d KCl-treated cell.
CW cell wall, M mitochondrion.
Bar=1 µm
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chloroplasts, mitochondria, and peroxisomes by deregulation
of electron transport, at the plasma membrane via activation
of the plasma membrane NADPH oxidase or at the cell wall
by activating cell wall peroxidases (Neill et al. 2002).
In Micrasterias, positive cerium measurements by EELS
demonstrating H2O2 localization were observed in mito-
chondria, chloroplasts, cell walls, cytoplasm, and perox-
isomes. This is particularly interesting as no precipitates
were found in these regions, which means that a purely
ultrastructural identification of precipitates after cerium
pretreatment without EELS measurement does not provide
a sufficient tool for H2O2 localization.
Among all organelles, the chloroplasts revealed the highest
increase in H2O2 production after both ionic and osmotic
stress in Micrasterias, which was statistically significant
after ionic stress. ROS are generated by photosystem (PS) I
and PS II in chloroplasts, which are extremely sensitive to
physiological and environmental changes (Asada 2006). Our
results correspond well to observations of other studies in
plant cells where it has been suggested that chloroplasts have
the same function in PCD as assigned to mitochondria in
Fig. 3 TEM micrographs showing the ultrastructure of Micrasterias
cells pretreated with CeCl3 for H2O2 localization: a control cell, c
sorbitol-treated cell, f KCl-treated cell. Selected examples of EEL
spectra of the Ce M4,5 edge from chloroplasts or mitochondria in
treated and untreated cells: b chloroplast of control cell, d mitochon-
drion of sorbitol-treated cell, e chloroplast of sorbitol-treated cell, g
mitochondrion of KCl-treated cell, h chloroplast of KCl-treated cell.
M mitochondrion, D dictyosome, Chl chloroplast. Bar=1 µm
H2O2 localization in Micrasterias cells by EELS 53animal cells (Zapata et al. 2005; Yao and Greenberg 2006)o r
have even more competency than mitochondria (Martienssen
1997; Chen and Dickman 2004; Yao and Greenberg 2006).
For example, in tobacco cells, it is likely that the chloroplasts
are responsible for ROS production during PCD accompa-
nying leaf senescence, whereas the mitochondria do not
seem to be involved (Zapata et al. 2005).
An increase in H2O2 presence was also observed at
cytoplasmic sites of KCl-treated cells. This could be due to
an overproduction of H2O2 in chloroplasts and mitochon-
dria which may consequently lead to a release of H2O2
from these organelles into the cytoplasm. In contrast, the
H2O2 increase in chloroplasts and mitochondria of sorbitol-
exposed cells was less pronounced. This explains the fact
that no elevated levels of H2O2 were measured in the
cytoplasm under these conditions. A decrease in H2O2
presence has only been observed in cell walls of sorbitol-
treated cells. Plasmolysis as a consequence of sorbitol
treatment could be the reason for this observation as the
retraction of the plasma membrane from the cell wall may
reduce the secretion of the peroxidase representing the main
source of H2O2 in the cell wall.
In our TEM studies, H2O2-dependent CeCl3 precipitates
were observed at the plasma membranes of exclusively
KCl-treatedcellsbutneverinsorbitol-treatedcellsorcontrols.
EELS analyses confirmed the presence of cerium in these
electron-dense precipitates. EEL spectra of these regions
showed the most intensive double peaks at the cerium M4,5
edge when compared to measurements in other organelles of
KCl, respectively, sorbitol-treated cells or controls. This
indicates higher amounts of H2O2 at the plasma membrane
of KCl-treated cells than in other organelles. Several studies
support the idea that the plasma membrane NADPH oxidase
is involved in H2O2 formation after stress induction in plant
cells (e.g., De Jong et al. 2002; Olmos et al. 2003; Soylu
et al. 2005; Zhang et al. 2008;W ue ta l .2009). In particular,
after salt stress, H2O2 generation by the plasma membrane
NADPH oxidase has been demonstrated in wheat cells (Yang
et al. 2007); this is likely to be the case in Micrasterias as
well. According to Shabala (2009), salinity increases the
cytosolic free calcium concentration which leads to an
activation of NADPH oxidase resulting in a raise in ROS
production (Lecourieux et al. 2002; Tracey et al. 2008).
In summary, our EELS studies reveal that chloroplasts
are the major source of H2O2 production after salt and
osmotic stress induction in Micrasterias cells. As expected,
chloroplasts and mitochondria are generally the main
production sites of H2O2 independent of the treatment.
The ionic stress by KCl causes a stronger response in
Micrasterias cells and leads to an excessive H2O2 produc-
tion especially in chloroplasts and at plasma membrane
sites, when compared to osmotic stress by sorbitol.
Identification of cerium by EELS is required for unambig-
uous localization of H2O2, whereas a purely ultrastructural
localization of precipitates does not provide reliable results.
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